The goals of genetic ecotoxicology are discussed and redefined. New directions in which genotoxicity "effect" studies might be pursued are outlined. Recognition of the genotoxic disease syndrome in lower animals suggests that more attention should be given to exploring the relationships between DNA damage (adduct formation, gene mutations, etc.) and its manifestation at the level of individuals. Within a given population, not all individuals are equally susceptible to pollutant toxicity (including genotoxicity). It is proposed therefore, that more attention be paid to identifying the factors underlying interindividual variability in susceptibility. Examples are provided of specific cases in which differences in susceptibility to pollutants have been directly related to genotypic predisposition. This approach is also advocated for investigating the individual and population level consequences of genotoxic damage. The possibility of using phenotypic traits to recognise subsets of individuals within populations possessing similar genotypes is discussed.
Introduction
Genetic toxicology is conventionally regarded as the study of the effects of chemicals and radiation on DNA and on mechanisms of inheritance in cells and whole organisms (1) . The goal of studies in this area is to assess the risks to man posed by chemicals capable of inducing cancer, genetic diseases, and teratogenic abnormalities. However, in genetic ecotoxicology, threats to individual organisms are usually considered of less significance than threats to populations and communities. This shift of emphasis has great bearing on the types of investigations that must be performed to detect genotoxicity in natural populations. Genetic ecotoxicology is defined here as the study of pollutant-induced changes in genetic material in natural biota. Key objectives are to explore the extent to which ecosystems are contaminated with genotoxins and, more importantly, to identify adverse effects such as reduced fitness in individuals and alterations in gene frequencies and genetic diversity in populations and communities, associated with genotoxin exposure. So far, progress has been made principally in detection of exposure to genotoxins using a variety of biomarkers (2, 3) . Linking genotoxin exposure to adverse effects in individuals and popula-tions has proven a more intractible problem. What follows is a brief discussion of some directions in which genotoxicity "effect" studies might usefully be pursued.
Genotoxicity versus Direct Chemical Toxicity
In higher vertebrates, binding of a pollutant chemical to DNA (DNA adduct formation) is thought to be the event that triggers the cascade of biochemical changes eventually leading to neoplasia and in some cases, malignancy (4) . Some chemicals may also cause or contribute to the development of cancer by mechanisms other than DNA binding (5) . Malignant tumors are uncommon, however, in lower vertebrates and especially invertebrates [which represent 95% of extant animal species (6)]. Instead, genetic damage is manifest as a suite of pathophysiological changes, the so-called genotoxic disease syndrome (7) . This comprises impaired enzyme function, enhanced protein turnover, impaired general metabolism, impaired immune responses, production of initiators of cytotoxic injuries, inhibited growth, decreased scope of growth, decreased fecundity, and faster aging. Thus, there is an urgent need to identify the ways in which genotoxins modify genes and gene expression such that phenotypic characteristics are also altered, and to find ways of distinguishing between direct chemical toxicity and genotoxicity as components of damage.
Correlating Genotypes with
Resistance or Susceptibility to Specific Pollutants Futyuma (8) Such diversity reductions are associated with increased inbreeding, the consequences of which are massive declines in fertility, viability, and other fitness parameters as individuals within the affected population become more homozygous allowing expression of detrimental recessive genes (11, 12) .
It follows from the above that each organism has a particular predisposition to pollutant toxicity (including genotoxicity). In man, genetic variability among individuals is immense. The DNA present in the haploid human genome corresponds to ca. 3 million average-size gene sequences which code for ca. 20,000 polymorphic proteins (13) . Some of these proteins will inevitably influence individual susceptibility to toxicant exposure. Leaving aside responses to direct chemical toxicity, genotoxicity varies markedly among individuals. For example, Rudiger (14) demonstrated that the individual risk of developing cancer following exposure to genotoxic agents is determined not only by exposure, but by the ability to cope with the genotoxic burden. Among a range of cellular defense mechanisms, DNA repair is particularly important. This was demonstrated by the increased cancer incidence in several genetic disorders that are characterized by a specific DNA repair defect. Similarly, even small differences in the efficiency of DNA repair mechanisms among normal individuals can account for differences in susceptibility to genotoxicity. Hemminki (5) showed that for a given level of genotoxin exposure, interindividual variation in DNA adduct binding may vary up to 10-fold.
The particular genotypes at risk in a population exposed to pollutants will depend on their phenotypic attributes and the pollutant chemicals in question. Luoma (15) (16) . Consequently, all physiologic characteristics of organisms are ultimately genetically determined, even though they exhibit a high degree of variability in response to environmental fluctuations. Fortunately, metabolic structure is so highly conserved that, despite this variability, specific physiologic differences among individuals can be attributed to polymorphisms at a single gene, or in a gene complex, or to the presence of multiple copies of a single gene (17) . For example, differences in resistance among Drosophila exposed to ethanol in the environment are related to specific genetic variants coding for aldehyde dehydrogenase (18) . The occurrence of metaltolerant populations of the plant Silene vulgaris is governed by a single gene, although the level of resistance can be modulated by external factors (19) . Some populations of invertebrates are metal tolerant by virtue of the amplification of metallothionein genes (20) . Experiments involving mammalian cells have also revealed metallothionein gene amplification following metal exposure (21) . Other studies have demonstrated the role of specific genetic changes in the development of resistance to pesticides among insects (22) . By way of contrast, an unfavorable change in genetic composition with adverse phenotypic consequences is the appearance of mutated c-K-ras oncogenes in fish exposed to polyaromatic hydrocarbons and polychlorinated hydrocarbons. Mutation of this gene is correlated with pathophysiologic changes in liver structure and function (23) .
In summary, there is already clear evidence that it is possible to relate specific genetic changes to particular physiologic consequences. Great efforts should now be made to further apply this approach to the problem of identifying the phenotypic consequences of genotoxic damage.
Can Physiologic Traits Be Used to Identify Genotypic Characteristics?
Since specific genes or gene complexes are related to particular phenotypic characteristics, it is interesting to speculate whether the reverse pathway might be followed, namely, identifying subsets of organisms with similar phenotypic attributes that can then be shown to have similar (or the same) genetic characteristics. This concept is embodied in the so called "physiotype approach" described elsewhere (24) . Among the phenotypic traits that organisms possess, biochemical/physiologic traits are of most relevance to survival in polluted conditions [hence the term "physiotypes" (24)]. For a given genotype, a range of phenotypic outcomes are possible depending on environmental history and prevailing conditions. This range was referred to as the "norm of reaction" by Dobzhansky (25) . In a given population, the "norms of reaction" of all genotypes overlap (26) , but if a selection pressure is applied, then only subsets of genotypes that confer suitable phenotypic characteristics will persist. This concept has been explored using a variety of biochemical/physiologic characteristics to recognize subsets of individuals (physiotypes) within populations that were then exposed to chemical toxicity. An example is shown in Figure 1 
Homozygosity and Heterozygosity in Relation to Genotoxicity
Establishing mechanistic links between specific genotoxic damage and phenotypic consequences will undoubtedly take many years of painstaking research. There may be other less specific tools, however, that might prove useful. As was alluded to above, investigation of the genetic basis of biochemical/physiologic phenotypic variability has usually been ignored or regarded as irrelevant in the past. Only n understanding begun to emer physiological attributes conferi genotype influence fitness.
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